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Clusters of simultaneousmultiple mutations can be a
source of rapid change during carcinogenesis and
evolution. Suchmutation clusters have been recently
shown to originate from DNA damage within long
single-stranded DNA (ssDNA) formed at resected
double-strand breaks and dysfunctional replication
forks. Here, we identify double-strand break (DSB)-
induced replication (BIR) as another powerful source
of mutation clusters that formed in nearly half of
wild-type yeast cells undergoing BIR in the presence
of alkylating damage. Clustered mutations were
primarily formed along the track of DNA synthesis
and were frequently associated with additional
breakage and rearrangements. Moreover, the base
specificity, strand coordination, and strand bias of
the mutation spectrum were consistent with muta-
tions arising from damage in persistent ssDNA
stretches within unconventional replication interme-
diates. Altogether, these features closely resemble
kataegic events in cancers, suggesting that replica-
tion intermediates during BIRmay be themost prom-
inent source of mutation clusters across species.INTRODUCTION
DNAmutations provide genetic variation that promotes evolution
and carcinogenesis. Since most individual genetic changes
result in neutral or deleterious effects, the establishment of novel
protein characteristics often requires multiple mutations arising
in concert within a single gene (Camps et al., 2007). Processes
that overproduce scattered mutations throughout the genome
(i.e., defects in mismatch repair and proofreading) are unlikely
sources of spatially clustered multiple mutations since they in-
crease the overall mutation load, which would negatively affect
fitness. Therefore, processes that produce simultaneous muta-1640 Cell Reports 7, 1640–1648, June 12, 2014 ª2014 The Authorstions clustered within small sections of the genome are more
likely to play a role in promoting rapid genetic change.
Recent genome studies of many cancer types have demon-
strated that clusteredmutations frequently occur during carcino-
genesis (Roberts et al., 2012; Nik-Zainal et al., 2012; Alexandrov
et al., 2013). In addition, analyses of mutations in cancer and ex-
periments conducted in yeast have provided evidence that dam-
age introduced into single-stranded DNA (ssDNA) is a primary
source of clustered mutations. Among various environmental
and intracellular DNA-damaging agents that may contribute to
cluster formation, a subfamily of AID/APOBEC cytidine deami-
nases known to target ssDNA, is a major source of DNA damage
that leads to mutation clusters in cancer (Roberts et al., 2012,
2013; Nik-Zainal et al., 2012; Alexandrov et al., 2013; Taylor
et al., 2013; Burns et al., 2013; Chan et al., 2012; Lada et al.,
2012, 2013). Importantly, when APOBECs or other damaging
agents are present in a cell, it is the accumulation of ssDNA
that becomes the limiting factor in cluster formation. Common
mechanisms promoting the formation of ssDNA include dysfunc-
tional replication forks and double-strand breaks (DSBs), both
of which arise by various cellular processes and conditions
including oncogene-induced replication stress (Halazonetis
et al., 2008). ssDNA formed by 50 to 30 resection during DSB
repair was suggested to be one source of kataegic events (Rob-
erts et al., 2012; Nik-Zainal et al., 2012; Taylor et al., 2013; Yang
et al., 2008). However, the switching pattern of strand coordi-
nated mutations expected to result from bidirectional DSB
resection was rarely observed, suggesting that other sources
of ssDNA may exist (Roberts et al., 2012). In addition, multikilo-
base resection tracts that have been demonstrated in yeast
(Chung et al., 2010) have never been observed in mammalian
systems, which further supports the idea that alternative sources
of ssDNA likely exist.
It has recently been demonstrated (Saini et al., 2013; Wilson
et al., 2013) that ssDNA accumulates during one type of DSB
repair break-induced replication (BIR), which is conserved
from viruses and bacteria to eukaryotes, including human cells
(Costantino et al., 2014). BIR commonly repairs DSBs possess-
ing only one repairable end that frequently occur at collapsed
replication forks or at eroded telomeres (reviewed in Malkova
Figure 1. DSB Repair by BIR
(A) Model of BIR. Dotted lines: synthesized DNA.
(B) Experimental system to study BIR in yeast. The
percent occurrence of the main DSB repair
outcomes and their relevant phenotypes is indi-
cated with total isolates scored in parentheses.
Asterisks: statistically significant increase of half-
crossovers in MMS versus no-MMS.
See the the Supplemental Experimental Pro-
cedures and Table S1 for details.and Ira, 2013). DNA synthesis during BIR is drastically different
from S phase replication. Instead of a replication fork, BIR is
driven by a migrating bubble where lagging strand synthesis
is substantially delayed as compared to leading strand syn-
thesis, which results in the accumulation of ssDNA behind the
replication bubble (Figure 1A; Saini et al., 2013; Wilson et al.,
2013).
We hypothesized that the ssDNA accumulating during BIR
could be a substrate for damage-induced clustered mutations.
It remained unclear, however, whether the regions of ssDNA
formed during BIR would be sufficiently long or stable enough
to lead to clustered mutations recoverable as viable BIR repair
outcomes. Here, we demonstrate in yeast that BIR is a source
of damage-induced clustered mutations formed along the track
of BIR as well as mutation clusters associated with additional
DNA breakage and chromosomal rearrangements, similar to
those commonly found in human cancers.Cell Reports 7, 1640–164RESULTS
Half of BIR Events Completed in the
Presence of DNA Damage Result in
Mutation Clusters
To test the hypothesis that BIR creates a
substrate for the formation of damage-
induced mutation clusters, we used a
yeast strain where a galactose-inducible
DSB is made atMAT in one copy of chro-
mosome III (Deem et al., 2008). The DSB
was predominately repaired by BIR (see
the Supplemental Results) using a sec-
ond (uncut) copy of chromosome III as
a template, while other outcomes includ-
ing gene conversion (GC), chromosome
loss (Loss), and half-crossovers (HC)
occurred less frequently (Figure 1B; Table
S1; see the Supplemental Results for
details). BIR was completed in liquid
medium in the presence of 1.5mMmethyl
methanesulfonate (MMS), a DNA alkylat-
ing agent with an ssDNA-specific muta-
tion signature (Yang et al., 2010). There
was practically no loss of viability after
treatment with MMS, and the majority
of DSB repair outcomes displayed an
Ade+Leu NatR phenotype with a chro-
mosomal structure expected from BIR(Figures 1B and 2A; Table S1). To determine whether BIR
promoted the formation of damage-induced mutation clusters,
we sequenced the genomes of 18 independent Ade+Leu
NatR BIR outcomes formed in the presence of 1.5 mM
MMS. Coverage maps generated by whole-genome sequencing
showed that in each isolate approximately 120 kb of the right-
arm portion of chromosome III fromMAT to the end of the chro-
mosome (Figure 2B) was duplicated, as expected for BIR (Deem
et al., 2008; Malkova et al., 2005). We found that over 50% of the
analyzed BIR outcomes (11/18) contained mutation clusters
varying in length from 4 kb to 115 kb in the area of BIR on the right
arm of chromosome III (Figures 2C and 2D; Tables S2A and S3).
The association between BIR and mutation clusters could in
principle be even higher, since some isolates that lacked clusters
could have resulted from interrupted BIR that led to half-cross-
overs (HCs) that segregated with an intact copy of the donor
chromosome during mitosis (Deem et al., 2008), an outcome8, June 12, 2014 ª2014 The Authors 1641
Figure 2. Mutagenesis Associated with BIR in the Presence of 1.5 mM MMS
(A) The structure of one representative outcome (ALM_31). Left: ethidium-bromide-stained pulse-field gel electrophoresis (PFGE) gel. Middle and right: Southern
blot analysis of PFGE gel using ADE1- and ADE3-specific probes, respectively.
(B) Coverage of Illumina sequencing reads for a BIR event (ALM_31) is increased two times for the chromosomal region located centromere distal to MAT
(positions > 194,180 bp) as compared to the parental strain.
(C) MMS-induced mutations (blue lines) in ALM_31. Enlarged: mutation cluster on the track of BIR.
(D) Clustered mutations in Ade+Leu BIR isolates. Positions of mutated bases (colored circles) are depicted along the chromosome III reference.
(E and F) Select BIR-associated mutation clusters with mutations located in recipient (E) or donor (F) chromosomes.
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that would be indistinguishable fromBIR. Also, the interruption of
BIR could generate varying lengths of ssDNA tracts, providing
one explanation for the variations in mutation cluster length.
The median density of mutations in clusters was 1 mutation
per 6.3 kb, whichwas900 times higher than the density of scat-
teredmutations in the rest of the genome (Tables S2A and S3). In
addition to 11 clusters found in a relatively small (<1% of the
yeast genome) region surrounding the HO-break site on chromo-
some III, we identified only four clusters occurring on one of the
other 15 chromosomes (Tables S2A and S3; p value for random
colocalization < 1 3 1015). No mutation clusters were found in
the six whole-genome sequenced clones that resulted from
BIR repair in the absence of MMS (Table S2A). Taken together,
our data indicate that the DNA region associated with BIR is a
target for damage-induced clustered mutations.
Based on what is known about the mechanism of BIR, we
hypothesized that clustered mutations resulted from lesions
induced byMMS in ssDNA formed during BIR as a result of asyn-
chronous leading and lagging strand synthesis (Saini et al., 2013)
or during 50 to 30 DSB resection preceding BIR (Chung et al.,
2010; Figure 1A). BIR synthesis begins on the 50 side of the
DSB at the point of strand invasion and can continue for more
than 100 kb until it reaches the end of the chromosome. (The
50 and 30 sides relative to the DSB are defined along the top
[Watson] DNA strand and correspond respectively to the left
and right sides on Figure 2D). We observed that BIR-induced
clusters occurred on both sides of the break (6/11) as well as
only on one side, i.e., either on the 30 side (4/11) or on the 50
side (1/11). Mutations clustered on the 50 side of the break could
have resulted from damage to ssDNA that was generated either
by resection or by BIR synthesis. Importantly, the mutation clus-
ters on the 30 side of the break were located along the track of
BIR and therefore likely stemmed from BIR synthesis.
Based on the established signature of MMS mutagenesis in
ssDNA (Yang et al., 2010; Roberts et al., 2012), we expected
that clustered mutations would most frequently result from N3-
methyl cytosine lesions in the ssDNA strand and that N1-methyl
adenine lesions would be the second most frequent cause of
clustered mutations. The ssDNA-specific MMS mutations of
cytosines have no particular signature, such as TpC or CpG
mutations reported in cancer genomes that are assigned to
APOBEC and 5-methyl cytosine deamination in ssDNA, respec-
tively (Nik-Zainal et al., 2012; Roberts et al., 2012; Burns et al.,
2013; Nikolaev et al., 2012). During BIR, the same DNA strand
(Watson or top strand) was expected to be single stranded
regardless of whether it was formed by 50/30 resection or by
asynchronous synthesis of leading and lagging strands (Fig-
ure 1A). Thus, cytosines in mutated C:G pairs (and possibly
adenines inmutated A:T pairs) were expected to be foundmostly
in this strand of DNA. Indeed, mutations in BIR-induced clusters
on either side of the DSB were biased toward C’s located in the
Watson strand (p = 0.000017 and 8.02 3 109, 50 and 30 of the
break, respectively, by two-sided goodness-of-fit test; Table
S2B). There was also an overall statistically significant bias
toward A’s in the Watson strand despite the smaller number of
changes in A:T pairs (p = 0.003249; Table S2B). As expected
for cytosine-specific MMS mutagenesis in ssDNA, changes in
neighboring mutations of C:G pairs were strand coordinatedC(i.e., mutations observed in cytosines in the same strand (p =
2.60 3 109 by goodness-of-fit test; Table S4), and C-to-T and
C-to-A mutations prevailed over C-to-G mutations (p = 4.32 3
1013, by two-sided goodness-of-fit test; Table S2B), in good
agreement with the known mutation signature of MMS in ssDNA
(Delaney and Essigmann, 2004; Yang et al., 2010). We conclude
that ssDNA formed during BIR synthesis is vulnerable to hyper-
mutation by low levels of alkylating damage resulting in mutation
clusters.
The conservative inheritance of newly synthesized DNA during
BIR (Saini et al., 2013; Donnianni and Symington, 2013) should
result in the majority of clustered mutations being heterozygous
and located only in the recipient. Indeed, 61 out of 64 clustered
mutations were heterozygous (Table S2A). In addition, the vast
majority of BIR-associated clustered mutations occurred only
on the recipient chromosome (55 out of 64 mutations; Figures
2E and 2F; Table S2A). Altogether, our data show that ssDNA
accumulated during uncoupled leading-strand synthesis in the
course of BIR is a source of damage-induced clustered
mutations.
Complex Mutation Clusters Associated with DNA
Breakage Are Formed by BIR in the Presence of an
Increased Level of DNA Damage
To further evaluate the role of DNA damage in BIR-induced mu-
tation clusters, we sequenced 30 independent BIR (Ade+Leu)
isolates that were formed in the presence of higher concentra-
tions of MMS (6 mM). In addition to Ade+Leu, we used the infor-
mation about other phenotypes, including Nat status and the
presence of additional rearrangements in chromosome III, to
choose isolates representing a complete spectrum of changes
(see the Supplemental Experimental Procedures for details).
We found that approximately half (17/30) of the analyzed isolates
contained mutation clusters, whose location strongly associated
with the tract of BIR (p < 0.0001 comparing 13 clusters on
chromosome III (2.5% of the genome) to eight clusters on all
other chromosomes combined (97.5% of the genome) by
binomial test; Figure 3; Table S2A). As in the case of 1.5 mM
MMS, the majority of clusters (10 out of 13) were located on
both sides of the break (Table S2), contained mutations that
were biased toward cytosines and adenines in the Watson
strand (p = 6.26 3 1014 and 0.021, respectively by two-
sided goodness-of-fit test; Table S2B), and were strand coordi-
nated (p = 2.38 3 109 by goodness-of-fit test; Figure 3C;
Table S4). In addition, BIR-induced clusters were equally
frequent among repair outcomes with and without chromosome
III rearrangements.
Surprisingly though, we observed that a high concentration of
MMS changed the distribution of mutation clusters between the
donor and recipient molecules. In particular, unlike clusters from
1.5 mM MMS exposure, only 2 out of 13 clusters (in ALM_4 and
ALM_11) had heterozygous mutations limited to the recipient
chromosome, while the majority (10 out of 13) of BIR clusters
had heterozygous and/or homozygous mutations in both the
recipient and donor chromosomes (Figures 3D and S1; Table
S2A). We called such clusters complex and proposed that they
formed as a result of a disruption during BIR by MMS-induced
damage in double-stranded DNA (dsDNA) located in front ofell Reports 7, 1640–1648, June 12, 2014 ª2014 The Authors 1643
Figure 3. Mutagenesis Associated with BIR in the Presence of 6 mM MMS
(A) Chromosome structures of representative BIR outcomes. Top: ethidium-bromide-stained PFGE gel. Middle and lower panels: Southern blot analysis with
ADE1- or ADE3-specific probes, respectively.
(B) Coverage of Illumina sequencing reads derived from representative Ade+Leu isolates (23 and 33 indicate fold increases as compared with the parental
strain). See the Supplemental Experimental Procedures for details.
(C) Clustered mutations on chromosome III in Ade+Leu isolates indicated as in Figure 2D.
(D) Distribution of mutations between the recipient and donor chromosomes for the representative isolates indicated in (C).
Complete information about cluster structure and formation is given in Figures S1–S4.
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(legend on next page)
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the BIR bubble. This event could lead to resolution of the Holliday
junction (HJ) migrating behind the BIR bubble causing the donor
chromosome to break, which could then initiate a second round
of BIR where clustered mutations in the donor could form (Fig-
ures 4H–4J).
To explain the formation of complex clusters in individual out-
comes, we utilized the results from a combination of analyses
(phenotype, chromosome size, whole-genome sequencing,
and Sanger sequencing). Our results suggested that the forma-
tion of complex mutation clusters in all repair outcomes pro-
ceeded in general, through the following steps (Figures 4 and
S2–S4): (1) DSB resection and invasion of the recipient into the
donor chromosome initiating BIR synthesis (primary BIR) pro-
ducing clustered mutations in the recipient from damage in
ssDNA, (2) interruption of primary BIR leading to a half-crossover
event (similar to Deem et al., 2008; Smith et al., 2009) and a frag-
mented donor chromosome, and (3) resection and invasion of
the fragmented donor into homologous DNA initiating a second-
ary BIR event and generating clustered mutations in the donor
chromosome from damage in ssDNA. The exact details of how
these steps were completed varied among different repair out-
comes, which can explain the variety of phenotypes observed
in the outcomes (see the Supplemental Results for details). For
example, the fact that ALM_24 was NatS and had homozygous
clustered mutations while ALM_1 was NatR and had heterozy-
gous clustered mutations suggested that differences existed
between these outcomes with respect to the extent of DSB
resection and the location of strand invasion (Figure S2). We pro-
pose that primary BIR in ALM_24 was preceded by extensive
resection and strand invasion into the donor chromosome at a
position centromere proximal to NAT leading to a NatS pheno-
type, while strand invasion in ALM_1 occurred telomere proximal
to NAT, which resulted in a NatR phenotype. Furthermore, in
ALM_24, the broken donor invaded the HC product at a position
centromere proximal to its mutation cluster allowing the muta-
tion cluster to be copied during secondary BIR, thus forming
homozygous mutations. For outcome ALM_1, which had hetero-
zygous mutations instead of homozygous mutations, we pro-
pose that the broken donor invaded the HC at a position
centromere distal to the clustered mutations in the recipient,
thus precluding the mutation cluster from being copied. Hetero-
zygous mutations could result from MMS damage introduced in
ssDNA formed during DNA resection of the donor and/or during
secondary BIR. Alternatively, heterozygous mutations in ALM_1
could have also formed by the invasion of the broken donor into
another homologous DNA template (i.e., sister chromatid)
instead of the HC product when initiating secondary BIR. The
use of a sister chromatid as a template for secondary BIR was
likely to occur in other isolates and is strongly supported by
the analysis of ALM_18 (Figures 3D, S1C, and S3), where a
20 kb deletion between two pairs of Ty elements, FS1 and
FS2, likely resulted from recombination between FS1 of the
broken donor chromosome and FS2 of a sister chromatid (seeFigure 4. Model of BIR-Induced Cluster Formation
DNA lesions (red stars) from MMS are shown in ssDNA formed by resection an
Scissors: resolution of HJ-like structure. Details of resolution are unknown. Yello
thesis is shown. See the Results and Figures S2–S4 for details.
1646 Cell Reports 7, 1640–1648, June 12, 2014 ª2014 The Authorsthe Supplemental Results for details). Thus far, our data indicate
that complex clusters form by at least one HC followed by a
secondary BIR event. Additional rounds of HCs and BIR events
could, however, lead to even more complex outcomes. This
was supported by the analysis of ALM_26, which likely resulted
from the following events: formation of six clustered mutations,
two HC events, and an ectopic recombination event that led to
a chromosomal rearrangement (Figures 3D, S1D, and S4; see
also the Supplemental Results for details).
Overall our data suggest that increased levels of DNA damage
can disrupt BIR and result in multiple rounds of repair, leading to
the formation of complex clusters that can be associated with
chromosomal rearrangements.
DISCUSSION
Recent studies have revealed that cancer genomes frequently
contain clusters of strand-coordinated mutations (also called
kataegis) caused by ssDNA-specific enzymes: APOBEC cytidine
deaminases (Roberts et al., 2012; Nik-Zainal et al., 2012; Alexan-
drovet al., 2013;Roberts et al., 2013;Burnset al., 2013).A fraction
of kataegicclusters colocalizedwithbreakpointsof chromosomal
rearrangements (Nik-Zainal et al., 2012; Roberts et al., 2012).
However, the source of ssDNA and the mechanistic connection
between clusters and chromosomal rearrangements remained
unexplained. Here, we demonstrate that an unusual type of
DNA synthesis, break-induced replication (BIR) completed in
the presence of MMS, leads to repair outcomes containing clus-
tered mutations 50% of the time. Importantly these clusters were
frequently associatedwithDNAbreakageandchromosomal rear-
rangements, suggesting that DNA damage to BIR intermediates
may account for both clustering of mutations and associated
rearrangements that characterize kataegis in human cancer.
We propose that the formation of mutation clusters and chro-
mosomal rearrangements associated with BIR result from the
interplay between DNA damage and two specific structural fea-
tures of BIR replication (Figures 4B–4E). First, ssDNA accumu-
lated during BIR from asynchronous leading and lagging strand
synthesis and from long resection prior to BIR initiation provides
the substrate for clustered mutagenesis. Second, the HJ
migrating behind the BIR bubble is a substrate for resolution,
which is promoted by stalling of BIR synthesis and leads to
breaking and reinvading events that can manifest as half-cross-
overs, HC-initiated cascades, and other chromosomal rear-
rangements (Deem et al., 2008; Smith et al., 2009; Vasan et al.,
2014). We propose that the formation of mutation clusters in
this study was promoted by MMS-induced damage in ssDNA
(N3-me C and, to a lesser extent, N1-me A; Yang et al., 2010).
Furthermore, we propose that stalling of the replication bubble
and the consequent breakage of DNA through HJ resolution
was likely induced by either N3-me A, a common MMS-induced
lesion in dsDNA, or abasic sites created by unfinished repair of
MMS damage (Yang et al., 2010).d BIR synthesis. Red squares: mutations from translesion synthesis bypass.
w rectangle, damage in dsDNA. One possible scenario of lagging strand syn-
The idea that two destabilizing outcomes of BIR—mutation
clusters and DNA breakage promoting chromosomal rearrange-
ments—are stimulated by different DNA lesions predicts that
these two outcomes of BIR could be independently modulated
and therefore together can give rise to a variety of outcomes.
In agreement with this idea, different doses of MMS resulted in
clusters with varying length and complexity.
We propose that BIR is a prominent source of damage-
induced mutation clusters not only in yeast but also in cancer
genomes including clusters associated with DNA breakage
and rearrangements. The variety of mutation clusters found in
cancer, such as mutation clusters with and without various chro-
mosomal rearrangements (i.e., LOH, CNV and translocations),
could each result from combining DNA damage induced by
APOBEC family enzymes (modeled in our experiments by
MMS) with DNA breakage resulting from other sources of DNA
damage or from special features of cancer cells such as check-
point defects. Supporting this, our recent data obtained in yeast
demonstrated that checkpoint defects can promote cascades of
chromosomal breakage and rearrangements in cells undergoing
BIR even in the absence of additional DNA lesions (Vasan et al.,
2014). In addition, Costantino and colleagues (Costantino et al.,
2014) have recently demonstrated that a massive collapse of
replication forks resulting from the overexpression of an onco-
gene in human cancer cells led to the initiation of BIR, which in
turn promoted a burst of chromosomal rearrangements known
to lead to cancer. Our results predict that the exposure of such
cells to DNA damage will lead to kataegic mutation clusters
associated with chromosomal rearrangements. Moreover, short
stretches of ssDNA resulting from interrupted BIR could
contribute to some of the genome-wide mutagenesis in individ-
ual cancers where APOBECmutagenesis in clusters often repre-
sents only a small fraction (e.g., less than 10%) of all mutations in
APOBEC motifs (Roberts et al., 2012; Alexandrov et al., 2013).
Indeed, the rates of single mutations, including mutations with
APOBEC motifs, were increased in the immediate vicinity of re-
arrangement breakpoints in many cancer samples (Drier et al.,
2013), suggesting that DSB repair processes including BIR
may be targets for scattered mutations as well as for mutation
clusters. Additional APOBEC-induced single mutations that are
not located close to the positions of rearrangement breakpoints
could also result from BIR, since not all BIR events are associ-
ated with detectable rearrangements.
Altogether, this study suggests that BIR could be one of the
most powerful sources of destabilizing genomes of somatic
cells, capable of producing a wide range of multiple simulta-
neous genomic changes. We expect that future studies will
reveal the scale to which BIR contributes to genome destabiliza-
tion in both normal and cancer cells as well as uncover how such
instability is regulated.
EXPERIMENTAL PROCEDURES
Yeast Strains and Growth Conditions
All experiments were performed using yeast strain AM1003 (Deem et al., 2008).
Rich medium (yeast extract-peptone-dextrose) and synthetic complete
medium were made as described in Guthrie and Fink (1991). The YEP-lactate
(YEP-Lac) and YEP-galactose (YEP-Gal) used for DSB induction were similar
to those described in Deem et al. (2008). MMS was added to YEP-Gal to theCfinal concentrations of 1.5 mM and 6mM. See the Supplemental Experimental
Procedures for additional details.
Characterization of DSB Repair Isolates
DSB repair isolates were characterized by phenotype similar to that described
previously (Deem et al., 2008). The chromosomal structure of BIR (Ade+Leu)
outcomes to determine the presence of chromosomal rearrangements was
analyzed using pulse-field gel electrophoresis (similar to Deem et al., 2008;
see the Supplemental Experimental Procedures for details). The preparation
of yeast genomic DNA for sequencing, library construction, mapping of reads
to a reference genome, and identification of mutations were performed similar
to Roberts et al. (2012). See the Supplemental Experimental Procedures for
details regarding whole-genome sequencing, reference-sequence construc-
tion, and mutation calling. The identification of mutation clusters and analyses
of strand bias, strand coordination, and colocalization of mutation clusters
with breakpoints were performed similar to Roberts et al. (2012). Coverage
maps for chromosome III were created using CLC Genomics Workbench
6.0. The assignment of mutations to the recipient or donor copy of chromo-
some III was performed similar to Saini et al. (2013). See the Supplemental
Experimental Procedures for additional details.
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